AD-771 963

AEROELASTIC ANALYSIS OF A TELESCOPING
ROTOR BLADE

Raymond G. Carlson, et al

United Aircraft Corporation

Prepared for:

Army Air Mobility Research and Development
Laboratory

August 1973

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOBILITY RESEARCH 4 DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

This report has been reviewed by the Eustis
Directorate, U. S. Army Air Mobility and
Development Laboratory and is considered to

be technically sound. The purpose of the
program was to develop an aeroelastic
analysis and computer program for predicting
the uncoupled flapwise, chordwise, and
torsional natural frequencies and mode shapes
of a TRAC rotor blade. An analysis and com-
puter program was also developed for calculating
the TRAC rotor blade aeroelastic time history.

The technical monitor for this contract was

Paul H. Mirick, Aeromech:nics, Technology
Applications Division,

|t



Project 1F163204D157
Contract DAAJO2-T2~-C-0025

USAAMRDL Technical Report T73-48
August 1973

AEROELASTIC ANALYSIS
OF A TELESCOPING ROTOR BLADE
Final Report
By

Raymond G. Carlson
Sebastian J. Cassarino

Prepared by

United Aircraft Corporation
Sikorsky Aircraft Division
Stratford, Connecticut

for

EUSTIS DIRECTORATE
U.5. ARMY AIR MOBILITY RESEARCH AND DEVELOPMENT LABORATORY
FORT EUSTIS, VIRGINIA

Approved for public release;
distribution unlimited.

[ ]

//



st AD-77/963

S-curllx Clanmsnnon
DOCUMENT CONTROL DATA-R& D .

(Security clasaification of title, body of abstrect and indexing an lon muat be d when the everall report Is claumcd‘
1. ORIGINATING ACTIVITY (Corporete suthor) 20. REPORT SECUAITY CLABSIFICATION
United Aircraft Corporation Unclassified
Sikorsky Aircraft Division 75, SROUP
Stratford, Connecticut

). REPOART TITLE

AEROELASTIC ANALYSIS OF A TELESCOPING ROTOR BLADE

4. OESCRIPTIVE NOTES (Type of report and inclusive dates)

Final Report

8 AUTHMORS) (First name, middle initiel, last name)
Raymond G. Carison

Sebastian J. Cassarino

% AEPOMT CATE 7a. TOTAL NO. OF PAGES 5. NO. OF REFS
August 1973 K 8
%a. CONTRACY OR GRANT NO Sa. ORIGINATOR'S REPORT NUMBER(S)
DAAJ02.72-C-0025
5. PROJIECT NO. USAAMRDL Technical Report 73-48
1F163204D157
e 0. gv.n’l.:.nyboar NO(S) (Any other numbers that may be sceigned
d.

10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

1. SUPPLEMENTAAY NOTES 12. IPONSORING MILITARY ACTIVITY

Eustis Directorate
U.S. Army Air Mobility R&D Laboratory
Fort Eustis, Virginia

13 ABSTARACTY

Two computer programs were developed to eval the seroelastic resp of a telescoping rotor blade (TRAC). The first program calcu-
Istes the uncoupled blede neturs! freq ies of flatwise, edgewise, snd torsionsi degress of freedom. The second program is a forced-
response program snd is » modification of the computer progrsm provided to the Army under Contract DAAJD2-71-C0024. It ceiculetes
the time history of the response of omm ] unoh blede or the complete rotor on a rigidbody sirframe. Both stesdy-state and transient
responss can be snslyzed. The 'ore-d-uwom program uses blede mode shepes and netural fiequencies calculsted from the netwrsl fre-
quency progem. The mathemsticsl model used reflects the unique nrucnn of the TRAC blade, which eonlbm of torque tube, outbosrd
blede, jackacrew, snd two tension straps. In determining i freg each is idered as a series of lumped mess
slements with sppropriste constrainmt squations spplied st the interfaces between the wuaunl components. Blede root end fixity, smount
of retraction, and rotor speed can ail be weried,

Analysis of 8 TRAC model rotor blade wsing the blede | freq y anelysis o wtrated the significant effects on natural frequency
of coupling between structural components, rotor speed, retraction ratio, and compression in the outbosrd blade. The netural frequency
anelysis was aiso found to compare quite well with the conventions! blade natural frequency analysis at low rotor speeds where centrifuges!
forces are not » significent factor. At high rotor speeds, the compression in the TRAC outbosrd blede tends to iower blade netural fre-
quencies. Correistion of predictad flstwise moments with model rotor test deta showsd ressonsbly good correletion for sll retraction ration
and rotor speeds. Messured torsional moments were, however, much larger then predicted. Edgewise moment predictions couid not be
correlated b ofsne s vibration which domineted the test data for the selected cases. All test dets were obtained under
Contract DAAJ02-68-C-0074. The correlation study considered wveristions in retraction ratio, rotor speed, airspeed, and root end fixity.

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

1S Department ¢ Commerce
Ypregbeld A 72151

S
DD /2™ . 1473 ttsiire oow amey Uoi' ™" T Unclassified
/ Security Classification




Unclassified

Tecurity Classllication

LiNK A LiINK B LiINK C
KEY WORDS

Telescoping Rotor Blade (TRAC)

Aeroelastic Analysis of a TRAC Blade

Natural Frequency Calculations for a TRAC Blade

Mode Shape Calculations for a TRAC Blade

Forced-Response Characteristics of a TRAC Blade

Correlation of Experimental and Theoretical Data for a
TRAC Blade

/ Unclassified
/ a Security Classification

AOoLE LA ROLE wTY RoLE T




SUMMARY

Two computer programs were developed to evaluate the aeroelastic respons~

of a telescoping rotor blade (TRAC). The first program calculates the uu-
coupled blade natural frequencies for flatwise, edgewise, and torsional de-
grees of freedom. The second program is a forced-response program and is

a modification of the computer program provided to the Army under Contract
DAAJ02-T1-C-0024. It calculates the time history of the response of either
a single blade or the complete rotor on a rigid-budy airframe. Both steady-
state and transient response can be analyzed. The forced-response program
uses vlade mode shapes and natural frequencies calculated from the natural
frequency program. The mathematical model used reflects the unique struc-
ture of the TRAC blade, which consists of torque tube, outboard blade,
Jackscrew, and two tension straps. In determining natural frequencies, each
component is considered as a series of lumped mass elements with appropriate
constraint equations applied at the interfaces between the structural com-
ponents. Blade root end fixity, amount of retraction, and rotor speed can
all be varied.

Analysis of a TRAC model rotor blade using the blade natural frequency
analysis demonstrated the sig..!ficant effects on natural frequency of
coupling between structural components, rotor speed, retraction ratio, and
compression in the outboard blade. The natural frequency analysis was also
found to compare quite well with the conventional blade natural fregquency
analysis at low rotor speeds where centrifugal forces are not a significant
factor. At high rotor speeds, the compression in the TRAC outboard blade
tends to lower blade natural frequencies. Correlation of precdicted flat-
wise moments with model rotor test data showed reasonably good correlation
for all retraction ratios and rotor speeds. Measured torsional moments
were, hcwever, much larger than predicted. Edgewise moment predictions
could not be correlated because of an extraneous vibration which dominated
the test data for the selected cases. All test data were obtained under
Contract DAAJ02-68-C-00Tk4. The correlation study considered variations in
retraction ratio, rotor speed, airspeed, and root end fixity.
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This work was performed for the Eustis Directorate, U. S. Army Air Mobility
Research and Development Laboratory, Fort BEustis, Virginia, under Contract
DAAJ02-T2-C-0025. Technical monitor for the Army was Paul Mirick. The
equations of motion for this study were developed by Sebastian Cassarino,
ard the programming and correlation of results were done by Russell
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INTRODUCTION

A rotor configuration which offers significant potential of extending the
operating capabilities of rotary-wing aircraft is the Telescoping Rotor
Aircraft Concept (TRAC). The TRAC rotor blade is shown schematically in
Figure 1 and is ciscussed in more detail in Reference 1. As might be .x-
pected, the structural arrangement of the TRAC blade differs considerably
from that of conventional blades. For example, the outboard portion of

the blade is under compressive loading since it is restrained in the radial
direction by strap members at its outermost point. In addition, the blade
is composed of multiple structural elements rather than a single primary
element usually found in helicopter rotor blades. ¥For these reasons, avail-
able analytical methods such as the Sikorsky Y200 Normal Modes Program
(References 2 and 3) are not generally applicable to the TRAC system.

A preliminary analysis applicable to the TRAC blade was developed at
Sikersky Aircraft in 196k to determine the flatwise natural frequencies
and modes shapes and flatwise aeroelastic responses of & fully-extended
TRAC rotor blade. A schematic of the zeroelastic representation of the
blade appears in Figure 2. The analysis considered only two major struc-
tural components: the inboard element representing the cambination of the
tcrque tube &and jackscrew,and the outboard blade. The tension strap was
represented mathematically as a weightless string attaching the blade tip
to the end of the Jackscrew. The analysis represented each structural ele-
ment as made ur of rigid, finite-length segments with lumped mass=s and
elastically equivalent springs between adjacent segments. The serodynamic
forces acting on the outboard blade and torque tube were included using
conventional strip-theory and steady-state, two-dimensional airfoil data,
including stall and Mach number effects. The analysis was extremely val-
uable in the preliminary design of the TRAC structursl components.

The 1964 flatwise aeroelastic analysis was extended in 1967 to include the
internal components,i.e., the jackscrew and a single tension strap as shown
schematically in Figure 3. The same basic mathematical approach was used
as in the two-element 196k analysis except that the jackscrew and strap
were given their own masses, stiffnesses, and degrees of freedom indepen-
dent of the external components.

There are two primary limitations of the 1967 mathematical model discussed
above. First, it does not consider the blade edgewise and torsional mo-
tions. Second, it is resiricted to a fully-extended rotor for which the
overlapped region between the vorque tube and the outboard blade is a min-
imum. The aeroelastic analysis developed under this contract provides a
more general analytical tool without these limitations. A schematic of
the present representation of the TRAC blade is illustrated in Figure L.
From this figure it is noted that the overlapped region can be varied to
represent all blade retraction radii and that two tension straps are used

to connect the blade tip and the nut assembly.



DESCRIPTION OF THE TRAC ROTOR SYSTEM

The structural components of the TRAC rotor system are shown in the de-
tailed schematic of Figure 5. The retraction mechanism is actuated by a
Jackscrew, which acts as the primary tension element of the blade. When
rotated, the jackscrew imparts a linear retraction or extension motion to
the retention nut and through the tension straps to the outboard blade.
The jJackscrew is inside a torque tube which transmits control motions to
the outboard blade. The torque tube also carries the bending moments that
are transmitted from the outboard blade, and it serves as an airfoil when
the blade is extended.

The TRAC blade structure for a full-scale design, which appears in Figure
5, was based to a large extent on the two-element aercelastic analysis
discussed in the Introduction. The outboard blade is an NACA 632A016
airfoil section, while the torque tube has a 33-percent-thick elliptical
section. Two bearing blocks are utilized for the sliding contacts between
the outboard blade and the torque tube and the other 1o the inboard end of
the outer blade. The Jjackscrew and the tension straps represent the main
structural load path for centrifugal loads. A bearing block, not shown

in Figure 5, attaches the outboard end of the jackscrew to the inner walls
of the torque tube.
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MATHEMATICAL MODEL C

MATEEMATICAL MODEL OF A BLADE ELEMENT

The analytical technigue used to compute the TRAC blade uncoupled flatwise
and =dgewise natural frequencies and mode shapes assumes that the various
blade elastic elements (outboard blade, torque tube, Jackscrew, and tension
straps) can be represented by a finite number of rigid members or segments.
The segments are joined by frictionless hinges and equivalent springs which
simulate the elastic properties of the continuous blade element. For a
uniform blade, the equivalent elastic spring between two segments is direct-
1y proportional to the flexural rigidity (EI) and inversely proportional to
the total length cf the segments. A schematic of the mathematical mcdel of
& TRAC blade element of given mass moment of inertia and length appears in
Figure ©. The mass and area moments of inertia of the individual segments
are uniform along a segment but can vary arbitrarily among the various seg-
ments. The lengths of the rigid members are also arbitrary. While an in-
Tirite number of segments is needed to represent theoretically a continu-
ous element, it is found in practice that ten segments are sufficient to
determine accurately the elastic behavior of the element. Structural damp-
ing effects are neglected in the development of the natural frequency analy-
sis.

DESCRIPTION OF CRITICAL POINTS ALONG THE TRAC BLADE

In the development of the aerocelastic analysis of the TRAC blade, the five
major structural elements are treated as elastic beams and are represented
mathematically as discussed in the previous section. The following compo-
nerts, however, are assumed to behave as rigid bodies: blade root, blade
tip cap, nut assembly, and bearing blocks between the major structural
elements.

The varicus contact and attachment points wnich are present among the TRAC
blade major components are shown in Figure 7. These are as follows:

1. Inboard sliding contact between the outer surface cf the ‘orgue
tube and the inner end of the outboard blade.

2. Outboard sliding contact between the end of the torque tube and
the inner surface of the outboard blade.

3. Sliding contact between the Jackscrew nut assembly and the torque
tube.

L. Cantilevered attachment of tension straps to the nut assembly.
5. Attachment of jackscrew outboard end to the torgque tube.

6. Attachment of outboard blade and tension straps to the blade tip
cap.




T. Attachment of the torgue tube and jackscrew inboard ends tc the
rotor head.

The first three critical points listed above represent sliding conte:ts be-
tween two elements -i the TRAC blade. It is assumed that only normal
shears and bending moments are transmitted through the bearing blocks pre-
sent in the contact areas. When the segment approach is used to representc
mathematically the blade elements, a contact area is described by a common
segment for the two eiements in contact. Angular flexibility of the con-
tact area can be represented by an equivalent spring of variable stiffness
to account for the local bending moment. We note then that the equations
of motion describing the elastic behavior of the outboard tlade and the
tosque tube are coupled through the first two contact pcints, while the
torque tube and jackscrew are coupled through the third contact peint. It
should be pointed out that the nut assembly iy treated as a rigid extension
of the jackscrew. The Jackscrew segment distribution is such that one of
the segments represents the nut assembly. The contact between the nut
assembly and the torque tube (point 3 above) is present only in the flat-
wise equations of motion and exists as soon as the blade begins to flap.

The remaining critical points represent variou: attachments along the TRAC
blade. The inboard ends of the tension straps are attached to the center
of the nut assembly (point L), while the outboard ends are attached to the
blade tip cap (point 6). It is assumed that the straps are located sym-
metrically about a longitudinal axis through the center of the jackscrew.
The outboard end of the jackscrew it supported by = bearing block which
connects it to the torque tube (point 5). The normal shear which is pre-
sent between the two elements is accounted for in the analysis. The in-
board ends of the torque tube and Jackscrew are connected to the root seg-
ment (point 7).

BOUNDARY CONDITIONS ALONG THE TRAC BLADE

The bourdary conditions which must be satisfied at the critical points
(one through seven) shown in Figure 7 are discussed below:

1. The linear displacements (z for flatwise motion and y for edge-
wise motion) are the same for -he first segment of the outboard
blade and the segment of the torque tube which is in contact
with the blade at point 1. The angular displacements (8 for
flatwise motion and y for edgewise motion) are related through
an angular spring located at the center of common segment.

The linear displacement of the last segment of the torque tube
is identical to the displacement of the outboard blade segment
in contact with the torque tube at point 2. The angular dis-
rlacements are related through an angular spring located at the
center of the common segment.

ny

3. The linear (only z for flatwise motion) and angular displace-
ments of the jackscrew segment containing the nut assembly are



the same as the displacements associated with the torque tube
segmert in contact with the Jackscrew at point 3.

k., The linear displacement of the inboard end of the straps' first
segment is the same as the displacement of the center of the
Jackscrew segment which includes the nut assembly. In addition,
the angular displacements of the two segments are icentical.

5. The linear dispiscements of th% outbcard ends of the jackscrew
and torque tube are the same sikce they are rigidly attached at
that point. ,

6. Since both the straps and the outboard blade are attached to the
tip segment, then the linear displacenent of the tip segment can
be described by three continuity equations. These relations
apply respectively to each strap and to the outboard blade.

T. Both the torque tube and jackscrew first segments are attached
to the root segment. It follows that the angular displacements
of these segments are defined in terms of the anguler motion of
the blade root ari the equivalent springs at the segment junc-
tions. The linear displacement of the segments is also defined
in terms of the root linear displacement.

In the discussion of the boundary conditions applicable at critical points
1 and 2, it has been assumed that the outboard blade and torque tube walls
in the contact areas have infinite stiffness in the normal direction.
Angular flexibility of the two elements is accounted for by a linear re-
lationship between the angular displacemeni and the local bending moment.

BLADE ROOT AND TIP BOUNDARY CONDITIONS

The inboard end of the root segment is attached to the flapping hinge for
flatwise motion or to the lead-lag hinge for inplane motion by an angular
spring. For an articulated rotor blade, the spring stiffness is zero,
corresponding to the root condition of zero moment; while for a rigid blade,
the stiffness becomes infinite, which is represented mathematically by the
root condition of zero slope. For a stiffness value between zero and in-
finity, the boundary condition at the blade root is satisfied by a linear
relation between root slope and moment. The second root boundary condition
is that the linear displacement (z for flaiwise motion and y for edgewise
motion) at the hinge is zero.

The boundery conditions which apply to the outboard end of the TRAC blade
are the standard cornditions for a free end, i.e., zero shear and moment.
These conditions are applied to the equations of motion of the blade tip
segment. The linear displacement of the blade tip is used to normalize
the blade motions in the calcula*ions of the mode shapes.



TRAC BLADE FLATWISE EQUATIONS OF MOTION

COORDINATE AXES AND TRANSFCRMATIONS

The axis systems employed in the development of the TRAC blade flatwise
equations of motion are presented schematically in Figure 8 and are dis-
cussed below.

Nonrotating Rotor Hub Axis System: ;o yl, zl

This axis system is located at the rotor hub center and does not rotate
with respect to the aircraft. The axis 2z, is parallel to the rotor shaft
and is positive up; x, is normal to the rotor shaft, lies in the plane
formed by z., and the air velocity vector and is positive aft; y, is ortho-
gonal to x_ "and z and is positive toward the advancing side «f the rotor.
This axis %ystem 1s Newtonian having at most a steady translational veloc-
ity.

Rotating Rotor Hub Axis System: x

2° Yo %

This axis system has its origin at the rotor hub center and rotates with
the rotor blades. It is related to the "1" axis system as follows:

-q-L: H‘f—‘il (1)

where the following definitions apply:

(x.,., cosY sy O

- N " ! Y

9(* = {4~ and F\Y = | swm¥ NGLA R (2)
2n ¢ ¢ i

Local Segment Axis Systen: x3n, y3n’ z

3n

This axis system is located at the center of gravity of the nth segment
along the rotor blade. It is obtained by translations along each axis of
the "2" system as shown belouw:

—

QL--‘l*qlh (3)

Flapping Angle Axis System: xhn’ yhn’ zhn

This axis system has its origin at the center of gravity of the nth segment
and is related to the "3n" system through the flapping angle B8_, which is
defined as positive up. -

A

Fan =Py 3 (4)



where !

Cosf. C SNP,
Hp - o L ¢ (5)
»
SN P_“ O (S Pm-

VELOCITY AND ACCELERATION VECTORS

Combining relations (1), (3), and (kL) gives

§1=nwnﬂm9nm+qy§1m (6)

The velocity of an arbitrary point in the nth blade segment is given by
the following relation in the inertial coordinate system:

‘h"n He. 9!% "’n\rnﬁ ‘44um+qu1~\ *’qw‘;hm (7)

where the following definitions were used:

I
1. ,jﬂw_ dﬂ.‘, \A‘V = qv\r

dt ~dy dt (8)
2. ﬂ_.; _n.___ constant
dv

3
Also qﬂ‘zo since an arbitrary point on the nth blade segment is not

moving relative to the center of gravity of the segment. The acceleration
of tiie arbitrary point is obtained by differentiation of relation (7)
above, which yields

= . /0 o'k h i " / J o
Q1= Pa Py 5 Gom + Bn A By 30 +2 0L ﬂw‘:‘p;’}m

- I =g 9 N & =
+ n‘, q;v\*’ 2.‘1— H\V qm..._ﬂ. HY Hﬁmqw* qz," (9\

In order to write the individual element equations of motion, the compo-
nents of the total acceleration in the direction of the "un" axis system
must be found. These are obtained by the inverse transformations shown
below:

'ﬁ

et -L -1 -
Qan = m‘:\\r 4, = j“ (10)
q.-n.



-\ -\

vhere H? and F‘., are the inverses of the matrices H, and R, respectively.
a B ]

Subctitution of relation (9) into (10) above and performing the various

matrix multiplications yields the following expressions for the individual
accelerations:

. od 1 e
Xon = = Ba Egn = Pn Xomr L (=% COSTPy o 2,,C% BrSIN B,

I p,k) + X O P T, N, kLY S R (11)

Yoo =- 10 'p.,\ (xusm P+ Zq S5 p,\) s (3.“...‘3‘“)

*‘314\ ~2IL X, (12)

32 x o2
Zﬂ = PnXam - P Bam + L (xu:’m PnCOS Py - T SIN" P

+ X SN h'n) - X NP+ 2,,,COSP, 42 0L :jm\sm Pn (13)

e

Since the equations of mo‘s.ion are uncoupled, the expression for Y is
ignored and the velocity Yaw is set to zero. Thus, the radial and vertical

accelerations for a blade segment flatwise equation of motion become, re-
spectively,

‘e o 2 JLl i
Xen= = PnTam- PnXgms ~ X 4nCOS Pnor 2,,CO5 BaOIN Py
- %, Cos p,\), XomCCS B+ Z ., OIN By (1k)
1 2 " PO
Tz P Xy = B Zamt ot (X‘,‘ﬁN PaCCO P = T4aSIN Pn

4 X SN p,“)_ X SN Pt 2,265 By (15)

D'ALEMBERT'S FORCES AND MOMENT

t
By D'Alembert's principle, the incremental forces and moment on the n :

biade segment are as follows:
dF, = Xemd o,
N

AF, = Zendmn (16)
4N

AMy = XandTa—24ndfy

8



Integration along the entire length of the blade segment yields the total
forces and moment acting on the element center of gravity. The following
relations are utilized:

A
2

1. }dmm:‘-lm"\,
-
¥

i
2
2. j X d My = szc\/w\m-
K —m
5
A T
2
1
3 S xmc\m\, - lx% (17)
R

w'lf'v\

a:m d”“m '-’—I Z8m

2, .dm__0

\n
Wit T el
>

The second relation states that the center of the segment is the center of
gravity of the element. The last relation assumes that the product moment
of inertia is zero.

The inertial force along the Xpn direction is given by

L ods ')
’)}' =M, (..ﬂ- X a5 P KOS Pt T o ?m) (18)
The 1nert1a force along the Zin direction is given by
£

z
P T Us ow
szz é 24,,\6-%\,\-.- 'm,,\(.n. X, SN, — Xy SN Bt -Emcos?m) (19)

3

vl



The flappiqg inertial moment is given by

Ly N )
M.‘,%:- hj ("Mi - 2’4«"4«)“"‘«: Pon (I"ﬁm* IQP»\)
3

by
4+ R (prm_lgpm) €09 8 3N Py (20)
In the following derivation of the flatwise equations of motion, the "kn"
axis system will be referred to simply as the "n" axis system (see Figure

9).
FLATWISE EQUATIONS OF MOTION FOR THE nth BLADE SEGMENT

The flatwise equations of motion for a typical blade segment can be derived
from the equilibrium of forces and moments applicable to the free-body dia-
gram illustrated in Figure 9. The subscrirt "n" indicates the number of
the segment, while the right superscript denotes the right side (R) or the
left side (L) of the segment. The balance of forces in the X direction

yields
R (=
Tﬂ\.=T~\+ Fxm (21)

which becomes, using relation (18) for F_ s
n

R - 3 e .
T = Vo= My (X008 B b K8 Pt By 00 Bn)  (22)

The balance of ftorces in the Z, direction gives

I& g\- -
Sm‘\'Qm\,= m <+ r%“ (23)
The force Q, represents the aerodynamic loading on the nth segment. After

substitution for F, from relation (19), this equation becomes
n

"3 = 1 ve vs
S-Sz M (X, 050 P K 5By meonpn)-Q, (24)

The balance of moments about the nth segment center of gravity yields
R S ¢ R L
M,,\-M,,\.t_,)'::_(S,,\J,SM)_M‘j =0 (25)
~n
which with the use of relation (20) becomes

R L+ R R by

" - T

M -Mm s _{_(sm,,s“)_ P (wa"eM)*
The balance of forces between the nt and (n-1
more relations as follows:

1

IKE{IZPJMB,“&N Pn (26)

)tB segment provides two

R R
S:\ = S-n-ucos(?m‘9Mvt)‘Tm-|5'N (pm“Pm—i) (27)

10



e N
"= ,\-\“5(91\-9%\\*— m-|$‘N(am° ?m-t) (28)
The elastic moment M’Ln is determined from the following expression:

N:: Kq\ (pfn-Pm-l) (29)

The continuity of moment between the n*? and (n-l)‘bh segments provides
another relation, which is

L R
M'h = Mm-u (30)

Two more relations are obtai%ﬁd from the continuity of the radial and ver-
tical displaceuents of the n segment center of gravity. These relations
are shown below:

R £ -
LI xl(w) o __l'_cospm.‘ + .i_cospm (31)
Znz= Zl(m-l)'\'&"'\fl_ SINB L+ .X%sm P (32)

Thus a total of nine equations is obtained describing the flatwise response
of the blade nth segment with respect to the previous segment. Equations
(21) through (32) can be used in their present nonlinear form to analyze
the time-history response of the TRAC blade. To obtain the blade natural
frequencies and mode shapes, the equetions of motion are linearized and the
aerodyr=mic forcing term is set to zero.

LINEARIZATION OF THE FLATWISE EQUATIONS OF MOTION FOR THE nth BLADE SEGMENT

In the linearization of the flatwise equations of motion, the following ap-
proximations are made:

1. wS P =
2. SIN P = ?4\,
3. CS(Bn- Puei) =\ (33)
k. SiN ( P Prm-y )= -pa\- Pm-t
5. Bn P { | for any n, m
Relation (31) then becomes
Ancir Ay (34)

Xim= xi(m—\) +

L]

Repeated application of relation (3k4) yields that the displacement. x
N 2

11



of an arbitrary blade segment is a constant quantity. Then the acceleration
X2n, which appears explicitly in equations (22) and (24), becomes zero.

Use of approximation (33) above reduces relation (32) to the following
form:

Z ‘?M-l I
3

1= By(pa) + By + % Bn (35)

Equation (22) then is
& L 1 L X}
Tm-"Tm = My (" Xamdb + i;»n ?m) (36)

The term (22n Bn ) is a second-order term in the flapping angle when equa-
tion (35) is substituted for zp,, and the term is neglected with respect to
the centrifugal term x2n92

Equation (24) is now

& (= 2 e
S-Sz MuKpmbnh + 20 (37)

By use of the definitions

I, =ih

equation (26) reduces to

and 1 - 1 1 (38)

Pt Zp,,\ FRT Txp - TZ P,

R L X“’ R - ” 9
MM+ _I_(S,,‘..Sm): Pmlpm_ho_\em]'_'% (39)

The force continuity equations (27) and (28) become

S:= SH\RA—T:\-L-\ (94\"’ Pm-\) (ko)

L

Ta = Tm -1 xS (?M ﬁm-c (k1)

Equetions (29) and (30) are not affected by the linearization technique.
It should be ncted that the normal shear equation (37) is a first-order
equation in the Ilapping angle B, when equation (35) is substituted for
E2n' Thus the product of the normal shear and the difference in the flap-
ping angles B, and Bp-] appearing in equation (41) is a second-order term
and is neglected with respect to the tension Tnfﬁ . This epproximation
uncouples the tensions from the ncrmal shears. Therefore, equations (41)
and (3€) become, respectively,

12



~ [
and -Tv‘: T

(42)

(43)

The blade naturel frequencies are found by assuming harmonic behavior for

the blade displacemerts, shears, and moments.
substitutions

i
i ol A==
S‘V\ = \"l'\-| - T'Y"' k?’ °§"f\'|)
- b €2 =
‘v\'y\ = }\q\\‘ = I .--\)
- - R
\’\:\ = Mo
= e = A -“ A -:
S T e R s w

Thus, with the

(k)

This system of equations is used to develop the flatwise transfer matrix

method.
the bars will be left out.

In the subsequent presentation of equations (L45) through (50),

DERIVATION OF THE TRANSFER MATRIX FOR THE FLATWISE EQUATIONS OF MOTION

A transfer mat-ix approach as discussed in Reference 4 is employed to de-
velop a system of linear equations describing the five major components of

13



the TRAC blade. These coupled linear equations are solved simultaneously
to determine the blade natural frequencies and mode shapes. Three adjacent
segments of a continuous blade structural component are shown in the sketch

below: Km [Cm'] [C “ﬂ:

7 7 7
M) n ne

’Rﬁ-l 4%n- 1%w¢|

Kﬂ-ﬂ

The vector pn is made up of the flapping angle and vertical displacement of
the center of gravity of the nth segment and of the normal shear and bend-
ing moment acting on the right-hand side of the n® segment. The transfer
matrix C, is a four-by-four matrix which relates the p, and p,.3 vectors.

Thus,
£
- h - JZm
R S R I B T S (>
ﬂl
M
It is seen that repeated application of equation (51) will eventually re-
late the conditions at the tip of the blade to those at the root of the
blade. Once the boundary conditions applicable at the blade tip and root

are introduced, the blade frequencies and mode shapes can be found. The
transfer matrix {C_ ] is derived below from a manipulation of the system of

equations (45) through (50) as follows:

1. Substitute for SL and zp, in equation (U45) using equations (4T)
and (50)respectively.

2. Substitute for Mk and S% in equation (L6) using equations (L49)
and (47) respectively.

3. Substitute for M% in equation (L48) using equation (49).
L. Rearrange equation (50).

The system of equations (45) through (50) can then be expressed in a con-
densed form:

1k



[IMIA+T]R
QmT

pfn.: pm-l - ==L

Ru

1 M-\ Pm-i

R R
T Om* V\m -

0 R R
- _’;_—S‘h'l“' MM-|

-7 P Few = = B 4 Bt

(53)

(54)

(55)

The above system of equations can be represented in matrix form as follows:

© [Aefinl=[on] o

29

[Aa] ::Q“ = [8 ]

where [An]

spe-tion of equations (52) through (55)

Pact )
z:.ém-t)
Sm-c

M:—: )

equation (51) is then defined from the relation

(][]

and is shown explicitly below:

i 0
R‘I-u*‘qm i
c z
[Sn] = .
=M

“m

o

o

LR

C mﬂ;w" R,

T
Kn
R

[,
K

(o I

s

L

A

R 2
vhere C.',’m\: -M, [% (‘QG\*’Rm—l)“ Xu\.n-]
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and [Bnl are four-by-four matrices readily obtained from an in-

The transfer matrix [C,] from

(57)

(58)



v -"im ne

2
CM,\\:"-T" L et I JL x “’

C”'M’:H— —;-I:-IF“MQ'* ..L .‘.“,“ nyt M Xn M.Ao\_x n_)
"~ -%f—

\ A
an which appears in the transfer matrix above is found from

The tension T
) as shown in Appendix III.

equatior (L3

Tre validity of the transfer matrix technique was checked out for a conven-
tional articulated rotcor blade. Repeated application of equation (51) re-
sults in the following exrression:

= [died [ERs

where N denotes the blade last segment and the subscript "O" refers to the
quantities at the blaae root. With the tir boundary conditions of zerc
shear and moment, i.e., Sﬁ = Mﬁ = 0, and the root conditions of zero displace-
ment and roment,i.e., 25 = Mp = 0, then the above system of equations be-
comes

fn= 4y for :"]350 (€0)
2.2 9, Po 4 By O (61)
C oz a4y foe y Se (62)
¢ - q'n Be + 4.350 (€3)

The system naturel freguencies are obtained from equetions (62) and
(€3), which yield the following relation:

3, e PP =0 (6b)
Ornce a frequency, w., has been found, then three of the four variables are

defined in terms of one of the variables. If, for example, the root shear
is arbitrarily chosen ac the rormalizing factor, then

?,/’5- = -9,,/4 (€5)
< . > 5\
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£~/5;= ('J:%O‘;.‘quah)//qa. (€€)

?N SC - (QOL\N —(‘uq),)/q_'ﬂ (67)

The mode shapes ccrresponding to the ith blade natural frequency can be cal-
culated from equations (65) through (67) and the transfer matrix (51). The
frequencies and mode shapes obtained from the transfer matrix technique
agreed very well with similar calculations using the "Normal Modes Transient
Analysis" from Reference 1.

DERIVATION OF ThE: FLATWISE EQUATIONS OF MOTION FOR THE TRAC BLADE

The derivation of the TRAC blade flatwise equations of motion must teake
into account the various boundary conditions which are applicable at points
one through seven from Figure 7, as discussed previously. At these points
the transfer matrix relation (51) is modified to include the coupling ef-
fects among the various blade components. The flatwise equations of motion
are derived in terms of only those parameters (vertical displacement, flap-
ping angle, normal shear, and bending moment) which are affected by the
boundary conditions. The critical segments which are illustrated in Figure
10 are listed below:

1. blede tip segment, subscripted TIP

2. outboard blade last segment, subscripted N

3. outboard blade segment in contact with the last segment of the
torque tube, subscripted i

L, first blade segment, subscripted 1

5. strap last segment, subscripted N

6. strap first segment, subscripted 1

T. torque tube last segment, subscripted N

£. torque tube segment in contact with the outboard blade first
segment and with the nut assembly, subscripted |

9. torque tube first segment, subscripted 1
10. Jjackscrew last segment, subscripted N

11. Jackscrew segment containing the nut assembly which is in contact
with the torque tube, subscripted k

12. Jjackscrew first segment, subscripted 1

13. blade root segment, subscripted O

17



The procedure employed to derive the system of flatwise equations needed to
determine the blade frequencies and mode shapes is to proceed along the
blade from the tip to the root,specifying the transfer matrices as applica-
ble from segment to segment. Special care must be exercised in the treat-
ment of the thirteen segments listed above. The final system of flatwise
equations, which consists of 65 variables, is shown in Appendix T. The ten-
sions along the major blade elements are obtained from the results of Ap-
pendix III.

18



TRAC BLADE EDGEWISE EQUATIONS OF MOTION

COORDINATE AXES AND TRANSFORMATIONS

The following exis systems, which were used in the development of the flat-
wise equation of motion, are also used for the edgewise equations: non-
rotating rotor hub axis system (xj, y;, 27), rotating rotor hub axis system
(x2, Y5, 2p), and local segment axis system (x3n, ¥3ps ®3pn). The lead-lag
angle axis system (xhn’ Yhns Zhn) is introduced in the uncoupled edgewise
motion. It is related to the local segment axis system by the following
relations:

-l

b= qx,ﬁ«m $el

where
Ces¥, _SINY, ©

R, =] sn¥m cS¥m 0 (69)
;%

v o \

The lead-lag angle, Y,» is defined positive in the same direction as the
rotor rotation, Y.

VELOCITY AND ACCELERATION VECTORS

Following the procedure outlined for the flatwise equations of motiom, it
is found that the velocity and acceleration vectors are,respectively,

BTN / -t / e / o'y 2

d= anxn JamdL +F\qumi4m"m* Hy Qaad +Ry Qam !
LN . / - el /i D . / / -

4| = ‘,“ F\WF““%“ +%m HVF‘;Q\Q«“ -+ 11‘- ¥m qu‘“%*m

(1] 1

- N 1 ] — -
-+ ‘:‘\( q;ﬂ\- e l-quV %14’\, + .n— nw[‘q‘mq4m+ QM] (71)

The components of the total acceleration in the direction of the "kn" axis
system are given by

v NS );4"“

~ -1 Y °F

qﬁ\;ﬂ-{m Hy %= { n (72)
e
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After the matrix operations are performed, the accelerations are

X = = B Yy B X =28 (X Y, ST X cost,)

+ l.n..().(msm tm_ﬁz“ccs 6,,\) + .imc\:s I+ :jmsm L 9 (73)
. o 2 o 2
Yom = TmXom-FmYn-L 054, L (xnsm(,“- Y2m<es ¥m)

+ 1JL( 15 Ban 31M3IN1{ ) .‘m,m o \Jlmco, _
2= 2, (75)

D'ALEMBERT'S FORCES AND MOMENTS

Application of D'Alembert's principle to the nth blade segment results in
the following expressions:

de“\'-' xM\de
dF‘ﬂM\: Yam d’“‘m (76)
d Mz“\: -‘jmd ot X -1

544\

Using relations (17) for the flatwise equations (with z), replaced by yun)
gives for the inertial forces and the inplane moment, respectively,

IL L 4
F W [.. £ (‘jms'“ L g leCo‘s‘o’,“)...lJ\.(Xz,AStN LN

x ~m
= \jmcosrm)+ X ambCS B, 4 Yo 3IN ’(,,\_] (77)
F. m J\}(X SINY <6, ) 20 X cest,
Yam= M 2m m-‘qu\c" m)+ ( a2 I
\'j \NT) )i)msm\',,\..,gmcosvm] (78)
%
é ( ,,,,\+X4,,\) ", = IK“KM (79)
S
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In the following derivation of the edgewise equations of motion, the sub-
script "U" in the "Un" axis system will be left out (see Figure 11).

EDGEWISE EQUATIONS OF MOTION FOR THE n BLADE SEGMENT

From Figure 11, equilibrium of forces in the X, and y directions and equi-
librium of moments about the z, axis results in the following equations:

L}

R <t 2 .-
Tm ‘Tm =Fx, ="M l:— & (‘51:'.“'“ \‘M"’me“"\‘*' ln(x”"bm Ym

— YymCS r,,\)+ %ym €05 ¥y Yoy SN ‘cm] (80)

.S:\ - S; - F'i‘m +O =m, [_(f (xmsm ‘m—‘jmc"“m)+ 1J1.(imc°s)'m

+ ‘314\5"““ ) X1W3|NI,\+ 31 cosY, ] +Dm(81)

'8 S R '8 v e
™M V‘m*‘%(sm"'sm):m{“ :Ix‘n“m (82)

th .
The balance of forces between the nth and (n-1) segments provides the
following additional relations:

R

5::5 ccs(‘cm m‘ mu( (83)
To T 3 et ) s S (5ty) (80

th .
The elastic moment at the left side of the n~ segment is

L .
- 8
M=K (Yn-Yma) (85)
. th th .
The moment continuity relation between the n and (n-1)  segments is
- R
86
Mo =M ge)

th
The continuity equations for the coordinates of the center of the n ™ seg-
ment are given below:
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Xon = x:.h-d"‘ Rnct e, St + Q%cus’s,,\ (87)

A
Yaa= Yy '*“T-'sm 3o ¢ X%S.N X (88)

After equations (80) through (87) are linearized and the aerodynamic forc-
ing term, Dy, which appears in equation (81), is set to zero, the resulting
equations are used to develop the transfer matrix method.

LINEARIZATION OF THE EDGEWISE EQUATIONS OF MOTION FOR THE nt“ BLADE SEGMENT

The approximations made for the flatwise equations are also used for the
edgewise equations (with B replaced by y,). The continuity relations (87)
and (88) then become

xm._. Xz‘“)*_ kM—l.*‘ Im — constant (89)
Yaa= \jlh-i) ‘Q';_—"!m-c-t- zT'“Ym (90)

Equation (80) now becomes

® - g ° oo
Tm°TM = M l:- -n'L(rm ‘Jn*xzx)‘l‘“'%zﬂ*ra\‘ha] (91)

The terms Y,yon and yvp¥p,, using equation (90), are second-order terms in
the lead-lag angle and can be negelcted with respect to the centrifugal
ternm, xgnnz, and the Coriolis term, 2Q$,,. A comparison of the centrifugal
and Coriolis terms shows that the Coriolis term can be neglected with the
assumption that the rotor speed, 2, is much greater than the lead-lag
velocity term, 2?n.

Then the tension equation becomes

S
Ta-To= - mlx,, (92)
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The shear equation can be expressed as follows:

SR _sh s «n“[ﬁ‘(&,\xm-ju)ar 'j”] (93)

The moment equation (82) and equations (85) and (86) remain unchanged. The
continuity equations for the tension and shear forces reduce to

L R R
S'a\ = Sm-o —T'\\-\ (Km‘xm-c) (9%)

and

- R
T = Tasy (95)

As for the flatwise equations, the approximations made in the linearization
of the edgewise equations uncouple the segment tensions from the normal
shears, as seen from equations (92) and (95).

The edgewise natural frequencies are found by assuming harmonic motions,
as given by relation (Lk4) for the flatwise equations. The edgewise equa-
tions of motion then become (with B, and z, replaced by y, and ¥y, respec-
tively)

5830 < a2 (450 5,)- 05, (56
ME_ME L f‘%(gi.ﬁ:\):_,urll‘m?“ (97)
SR Vo ey (98)
\;\:»: K ?M"?M-I) (99)
\‘-'\:\ = F\,f, (100)
Eh._. z, .+ 1_1_.._'~_‘ . )2—.:-?- (201)

This system of equations is the basic system used to develop the edgewise
transfer matrix method. In the subsequent use of equations (96) through
(101), the bars will be left out.

23



DERIVATION OF THE TRANSFER MATRIX FOR THE EDGEWISE EQUATIONS OF MOTION

The procedure used for the edgewise equations is the same as that used to
develop the transfer matrix for the flatwise equations. The basic system
of equations needed for the edgewise transfer matrix is presented below:

¥ ( m, X, e T )pj m (wljf) T ot Sy & O \ (102)

vm(,urll‘ ‘Q:TT"") ’(SR Wn-_ T* (mx j‘_]_ -MM (103)

R

Y= Yo+ Ma (10L)
Ka
R R -
_..1_‘6,.\4-‘3“: ."‘T“sm_‘*xjm_o (105)

The system of equations above can be represented in matrix form as follows:

[MJ{ed =[] {ond e

The transfer matrix is then found from

[en]=[A] " [o-] o

The edgewise transfer matrix is shown below:

- | -
i o C <
Rmoi v fm A C ‘Qm.
[c,,\] z 2K, (108)

Cam - 'm,,‘(M; "’*n} ) i Cytm

¥ T 3 K
Caym m,,im(w'-.-.ﬂ.) - ‘)m Capnt
L
e

A 1
oz = [ (8700 et €]

R
Cymz - | T e Mp e M+JL) M % .ﬂ.]

vwhere

Ka

i -z
; [ .
('Mm\ = - Cyum - Xx“‘u“

- SR R L o q? J A2
“M, b i .'m“%":\_(m +_J.), m“‘_;.ﬂ.xm_,l

e T
RETTRY +T(T,\ ¥
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DERIVATION OF THE EDGEWISE EQUATIONS OF MOTION FOR THE TRAC BLADE

A comparison of the standard transfer matrices derived for the flatwise
equations of motion (58) and for the edgewise equations (108) reveals that
the flatwise equations ~an be transformed into the edgewise equations by
simply replacing the frcquency squared term w? by (w? + 22) with the ex-
ception that the inertial term Ig w? appearing in the moment equation be-
comes Iynwz. In addition, the moBlent of inertia Ipn is set to zero for
the edgewise equations.

One important difference between the flatwise and edgewise equations is
that the contact between the nut assembly and the torque tube denoted by
point 3 in Figure 10, is not present in the edgewise motion of the TRAC
blade. Thus the contact force FC3 and the bending moment MC3 are zero
for the edgewise equaticns. It follows that the boundary conditions ap-
plicable at point 3 which are defined by equations (148) and (149) in Ap-
pendix I are not used in the edgewise equations. Thus, the total number
of equations and of variables reduces to sixty-three.

Another important difference between the flatwise and edgewise equations
of motion is that the tension along the leading and lagging strap is 1ot
the same as the blade bends in the inplane direction. As shown in Figure
12, as the blade bends forward, the lagging strap is subject to a greater
tensile loading than the leading strap. The differential tension is de-
fined in terms of an effective linear spring present in each strap and the
net linear displacement resulting from the relative angular motions of the
blade tip segment and the Jackscrew segment containing the nut assembly.
The bending moment due to the difference in the strap tensions is accounted
for in the edgewise equations of motion of the blade tip and jackscrew
segments (equations (111) and (145) respectively from Appendix I). A sum-
mary of the modifications necessary to reduce the flatwise equations to
the edgewise equations can be found in Appendix II.
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TRAC_BLADE TORSIONAL EQUATIONS OF MOTION

The structural design of the TRAC blade is such that the torque tube and
the outboard blade are the main components which supply significant tor-
sional stiffness and torsional inertia for the entire blade. The Jackscrew
and the tension straps provide little torsional stiffening. Thus, only
the torque tube and outboard blade are considered in the torsional frequency
calculations. The torsional equations which are utilized to compute the
TRAC blade torsional frequencies can be found in Reference 3. An effective
torsional inertia is calculated for the overlap. The airfoil chord used in
this region is that of the outboard blade. The total torsional mass moment
of inertia of the blade is constant, independent of the amount of blade
retraction. At any given radial location, the inertias of all components
present are added together.
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TRAC BLADE NATURAL FREQUENCIES AND MODE SHAPES

DESCRIPTION OF COMPUTER PROGRAM USED TO CALCULATE THE TRAC BLADE NATURAL
FREQUENCIES AND MODE SHAPES

A computer program has been developed to evaluate specifically the flatwise
and edgewise natural frequencies of the TRAC blade. The equations summa-
rized in Appendix I and the expressions for the tensions derived for all
major components in Appendix III have been programmed for the Univac 1108
computer system. A description of the computer program can be found in
Reference 5. Basically, the procedure employed to determine the blade
natural frequencies is as follows:

1. The lower bound for the blade frequency is chosen by the user.

2. The determinant of the homogeneous system of 65 equations for the
flatwise motion or 63 equations for the edgewise motion is found
using a modified version of the Gauss-Jordan matrix reduction
technique.

3. The blade frequency is increased by a smell amount specified by
the user and the determinant is again calculated. The sign of
the determinant is then compared to that obtained in step 2. Care
must be exercised in the choice of the frequency increment since
too large an increment could result in missing two frequencies
very close to each other.

L. If the sign of the determinants found in steps 2 and 3 is the
same, then step 3 is repeated until a change in sign is found.

5. Once a change in the sign of the determinant occurs, then the blade
natural frequency is found by converging on the frequency which
drives the determinant to zero within a numerical tolerance of
.000001 rad/sec.

6. Higher blade frequencies are found by repeating the process above
using as a lower bound the last natural frequency increased by one
frequency increment.

The mode shapes for the TRAC blade are calculated once the natural fre-
quency is known. The system of "n" homogeneous equations is reduced by
one; the remaining variaebles are all defined in terms of the displacement
of the tip segment. The (n-1) linear coupled equations are solved simul-
taneously using the Gauss-Jordan method. The extra equation, which is not
used in the mode shape calculations but which must be satisfied by defini-
tion, is chosen as the first equation in Appendix I. In order to be con-
sistent with the definition of blade mode shapes found in the literature,
the TRAC blade variables are finally normalized by the displacement of the

right-hand side of the tiyp segment.

The computer program is designed to handle any amourt of overlap between
the torque tube and outboard blade corresponding to rotor conditions from
fully-extended (100% radius) to fully-retracted (near 60% radius).
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The mass and area moments of inertia of each major component are arbitrary.
The number of segments chosen to represent each blade component is ten.
With the addition of the blade tip and root segments, the total number of
blade segments handled by the analysis is 52. A detailed description of

the program input parameters will not be attempted here. It can be found
irn Reference 5.

TRAC BLADE FLATWISE AND EDGEWISE FREQUENCIES

Computed TRAC blade flatwise and edgewise frequencies are presented in the
Southwell plots of Figures 13 through 18 for rotor speeds ranging from zero
to 216 radians per second and three radius conditicns: 100, 80, and 62.5
percent of the fully-extended blade. The blade physical characteristics
are for the L.5-foot model blade design tested by Sikorsky at United Air-
craft Research Laboratories in 1972 under Army Contract DAAJO2-68-C-00Tk,
Reference 1. The model blade operating rotor speed is 1Ll radians per
second. The "Normal Modes Analysis", as discussed in Reference 2, is also
used to calculate the blade natural frequencies and mode shapes. This
analysis applies only to a conventional rotor blade which is in tension
throughout its entire length. Comparison of the results with those ob-
tained for the TRAC blade from the newly developed frequency analysis shows
the effect of the compressive loading of the outer end and of the addition
of the jJackscrew and straps as separate elements. The results from the
"Normal Modes Analysis" are also shown in Figures 13 through 18.

A decrease in rotor speed causes a decrease in the flatwise and edgewise
natural frequencies for all modes and rotor conditions investigated with
both theories. This result is caused mainly by the reduction in centrif-
ugal blade stiffening as the rotor is slowed down. Since the TRAC blade
behaves more like a conventional rotor blade at low rotor speeds due to the
decrease in centrifugal effects, it can be expected that the natural fre-
quencies calculated from the two theories will be close as the rotor slows
down. This is generally true from an inspection of Figures 13 through 18.
The frequencies calculated from the TRAC analysi: are usually higher than
those from the "Normal Modes Analysis" when another blade natural fre-
quency, usually associated with a strap mode, is in the vicinity. From
Figures 13 through 18 it is noted that at rotor speeds higher than 120
radians per second, the TRAC blade natural frequency is lower than that
calculated for the blade as a conventional rotor. The difference in the
frequencies becomes more pronounced as rotor speed is increased ever. fur-
ther as a result of the increasing compressive loading on the outboard
motion. Buckling can occur at sufficiently high rotor speeds. When buck-
ling (or static divergence)occurs, the natural frequency would drop to
zero. This behavior was also predicted by the TRAC blade two-element
analysis discussed in the Introduction.

The effect of ret-acting the rotor to 80 and 62.5 percent of the fully-
extended radius on the blade natural frequency can be seen from a compari-
son of Figures 13 through 15 for the flatwise motion and Figures 16 through
18 for the edgewice motion. As the rotor is retracted, the overlapped re-
gion between the torque tube and the outboard blade increases with a sub-
sequent increase in the local mass and moments of inertia. The retracted
blade is effectively stiffer, which leads to an increase in the blade
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natural frequency. This effect is illustrated in Figure 19 for the first
tvo flatwise bending frequencies calculated with the TRAC frequency program
at rotor speeds of 100 percent (which corresponds to 1Ll rad/sec) and zero.
The variation of natural frequency with percentage of fully-retracted rotor
seems independent of rotor speed. However, the effect of blade retraction
on frequency is much more pronounced for the higher frequency modes. The
behavior shown in Figure 19 for the flatwise frequencies is also exhibited
by the edgewise frequencies.

One important characteristic of the TRAC blade is the presence of natural
frequencies which can be associated with the straps or the jackscrew ele-
ments. This is suggested from an investigation of the mode shapes which

in such cases exhibit predominant motions in the straps or the Jackscrew.
These mode shapes are present for both flatwise and edgewise motions at all
rotor extensions investigated. The frequency associated with a strap mode
decreases rapidly with rotor speed, while a Jackscrew mode shows a more
gradual decrease. The reduction in frequency is due to the decrease in
centrifugal stiffening at lower rotor speeds. This effect is greater for
the straps since the structural stiffness of the straps is an order of mag-
nitude less than that of the Jackscrew. As the rotor radius is retracted
to 80 and 62.5 percent of its full value, the effect of the str~ps and
jackscrew becomes greater. A comparison of Figures 13, 14, and 15 for the
TRAC blade flatwise frequencies shows that only one strap mode is present
for the fully-extended rotor, while two strap modes can be seen for 80
percent radius and an additional Jackscrew mode becomes apparent for the
62.5 percent rotor. Similar conclusions can be drawn from Figures 16, 17,
and 18 for the edgewise frequencies.

A brief investigation of the effect of changes in the moment of inertia of
the straps or the Jjackscrew on the blade natural frequencies and mode
shapes was conducted for the edgewise case at a rotor speed of 108 radians
per second and a fully-extended radius. Figure 20 shows that at this con-
dition, a jackscrew mode is present at 1000 rad/sec while a strsp mode
exists at 1100 rud/sec. The first and second edgewise bending freqiencies
are 40O and 1190 rad/sec respectively. It is seen in Figure 20 that in-
creasing the edgewise moment of inertia of the straps by factors of five
and ten has no effect on the first and second bending modes, which are
associated mainly with motion of the torque tube and the outboard blade.
The jackscrew frequency shows an overall increase in frequency of 10 per-
cent. The strap frequency, as expected, shows a large increase with strap
moment of inertia. For a strap moment of inertia of ten times its normal
value, the jackscrew edgewise moment of inertia is increased by a factor
of five. The results shown in Figure 20 indicate slight increascs in the
first and second bending frequencies, which are now very close to the fre-
quencies calculated from the "Normal Modes Analysis", an increase in strap
frequency of 11 percent, and an increase in jackscrew frequency of 31 per-
cent.

TRAC BLADE FLATWISE AND EDGEWISE MODE SHAPES

Flatwise and edgewise mode shapes are illustrated in Figures 21 through 28
for different amounts of blade retractions and rotor speeds. In these
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plots, the first mode shape is identified as the rigid-body mode with a
flatwise frequency slightly over one per rev or an edgewise frequency near
one-third per rev. The first three flatwise bending modes calculated with
the TRAC frequency program are shown in Figure 21 for a fully-extended
(4.5-foot model) rotor at 100 percent rotor speed (14L radians per second).
These mode shapes can be compared with the results obtained from the "Nor-
mal Modes Analysis" at the same condition, as shown in Figure 22. The be-
havior of the torque tube-outboard blade combination is similar from both
theories for the first two bending modes. The third bending mode calcu-
lated from ths TRAC program, however, exhibits twice as much motion for the
outboard blede as was given by the "Normal Modes Analysis". In addition, a
mode shape, which is referred to as a "strap mode" since the strap motion
is the dominant one, occurs at a frequency higher than 9 per rev.

The flatwise mode shapes for the 80 percent extended rotor and for the
fully-retracted rotor are presented in Figures 23 and 2L respectively at
100 percent rotor speed. A comparison among Figures 21, 23, and 2L reveals
that the characteristics of the rirst and second bending modes are not af-
fected very much by a change in rotor radius. However, as the blade is
retracted, the motion of the Jackscrew departs from the torque tube motion.
The strap motion shows an increasing dominance as the rotor is retracted;
the maximum amplitude of the strap mode shape occurs toward the middle of
the element and is greater than the blade tip motion by factors of 3.6,
5.5, and 26 for rotor radii of 100, 80, and 62.5 percent respectively. A
Jackscrew mode is present for the fully-retracted radius at a frequency
near 5 per rev,

A check on the boundary conditions discussed in the section of the report
entitled Mathematical Model of the TRAC Blade can be made from the results
plotted in Figures 21, 23, and 24. These figures show that the displace-
ment and slope at the beginning and end of the overlap are the same for the
torque tube and the outboard blade as discussed for points 1 and 2 in
Figure 7. The displacement and slope ¢f the torque tube and the jackscrew
segment containing the nut assembly should be the same (point 3). For the
model blade design, the nut assembly segment occurs at the beginning of the
overlapped region. From these figures it is seen that the above boundary
conditions are satisfied. The inboard end of the straps should have the
same displacement and slope as the jJackscrew segment containing the nut
assembly (point L); this holds true at the beginning of the overlap for all
cases. The ends of the torque tube and jackscrew meet to satisfy the
boundary condition for point 5 at a radial location of 2.7 feet. The
boundary condition at point 6 states that the mode shapes of the outboard
blede and the straps will be coincident at the left side of the tip seg-
ment. The blade tip segment length was kept constant at .0583 foot for all
retractions of the TRAC blade. This boundary condition is also satisfied
from an inspection of Figures 21, 23, and 24. The last boundary condition
(point 7), which can be interpreted as stating that the displacement of the
torque tube and jackscrew will be the same at the right end of the root
segment, is met in all cases. In addition, it can be seen that at the blade
tip and at the hinge (located at .25 foot), the second derivative of the
mcde shape, which is proportional to the bending moment, is zero for all
modes.
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The flatwise mode shapes at zero rotational speed are presented in Figures
25 through 27. The general characteristics discussed for the mode shapes
at 100 percent rotor speed are exhibited in these figures. However, the
strap and jackscrew modes are more pronounced, especially as the rotor is
retracted. This behavior can be expected from the discussion of the South-

well plots of Figures 13 through 15.

The edgewise mode shapes for the fully-extended TRAC rotor are shown in
Figure 28 at a rotor speed of 108 radians per second. As indicated from

the Southwell plot of Figure 16, a Jackscrew mode (Figure 28d) is present
at a frequency of 1110 rad/sec and a strap mode at 1008 rad/sec (Figure
28c). The first and second bending modes are shown respectively in Figures
28b and 28e. As discussed in the section on the development of the edgewise
equations of motion, the boundary conditions at point 3 are not applicable
to the edgewise motion of the TRAC blade. As seen in Figure 28, the dis-
placement and slope of the torque tube and Jackscrew are not necessarily

the same at the beginnirg of the overlap, as was true for the flatwise mode

shapes presented in Figure 21.
TRAC BLADE TORSIONAL FREQUENCIES AND MODE SHAPES

A Southwell plot of the TRAC blade first torsional frequency is shown in
Figure 29 for blade extensions of 100, 80, and 62.5 percent of full radius.
The behavior exhibited in this figure by the TRAC blade is similar to that
of a conventional blade of similar radius. Due to the decrease in tor-
sional inertia in the overlapped region and decrease in length, the tor-
sional frequency increases as the outboard blade is retracted. The varia-~
tion of torsional frequency with rotor speed is small; the frequency in-
creases about 3 percent as the rotor speed is varied from zero to 216
radians per second.

The first two torsional modes of the TRAC blade are presented in Figure 30.
Their general characteristics are not affected by the amount of blade re-
traction and by changes in rotor speed (not shown). The mode shape first
derivative approaches zero at the blade tip since the torsional moment,
which is proportional to the slope of the mode shape, is zero at a free
end. The mode shapes are normalized by the blade tip displacement as was
done for the flatwise and edgewise modes.

31



NORMAL MODE AEROELASTIC ANALYSIS

To provide the capability for predicting the time history of the aerocelastic
response of a TRAC rotor, an aercelastic analysis provided to the Army under
Contract DAAJO2-T1-C-0025 has been modified. The basic analysis is de-
scribed in References 2 and 3. This program uses uncoupled blade modes in
the solution of the blade equations of motion defining the blade response

to air loads.

The analysis is essentially a digital flight simulator that can be used to
determine the fully-coupled rotor/airframe response of a helicopter in free
flight. This is accomplished by the numerical integration of the blade/
airfreme equations of motion on a digital computer. Efforts have been made
to provide a modular computer program so that various fucets of the analy-
sis may be easily updated as more refined analytical techniques are de-
veloped. The principal technical assumptions and features of the analysis
are listed below:

1. The blade elastic response is determined using a modal approach
based on the equations defined in References 2, 6, and T.

2. The aerodynamic modeling of the blade includes unsteady aero-
dynamic effects based on the equations and tabulations defined
in Reference 7.

3. Provision is made for specifying a distribution of induced veloc-
ities (inflow) over the rotor disc. Such distribution for
steady level flight can be computed from analyses available in
the literature {(Reference 8).

L. The response of each individual blade is considered.

5. The fuselage is a rigid (nonelastic) body having six degrees of
freedom. Provisions for fixed wings are included. The aerody-
namic forces on the wings are computed using simple, finite-span
wing theory, neglecting stall and unsteady effects. Alternative-
ly, the wings can be included with the fuselage aerodynamics and
handled as described in assumption 6 below.

6. Fuselage serodynamic forces and moments are determined using
steady, nonlinear, empirical data loaded into the computer pro-
gram via punched cards.

The modifications made to this analysis to make it applicable to the TRAC
rotor provide a capability similar to the original analysis. The primary
problem encountered in the modification was one of storage requirements in
the computer. To provide the necessary storage, two changes were made:

1. The blade natural frequency program was written as a stand-alone
program, prcviding punched-card output which was then used as
input to the TRAC Normal Mode Blade Aerocelastic Analysis.

32



2. The TRAC Normal Mode Blade Aeroelastic Analysis is now appli-
cable to articulated, semiarticulated, and nonarticulated
rotors. The teetering or gimbaled rotor capability has been
removed,

In addition, several other modifications were made to provide for the
specific requirements of the TRAC rotor. These include the following:

3. A buffer program was written which defines fifteen blade seg-
ments along the torque tube and outboard blade., These are ex-
ternal segments, and are the only ones to which external aero-
dynamic loading is applied.

L. The model constants defined for each blade mode have been modi-
fied to include the participation of all 52 lumped mass blade
elements. The modal equations of motion use these constants to
describe the blade modal properties.

5. The input to the program has been modified to include additional
input requirements, such as the section modulus of all elements
of the blade. These are used to provide blade stress values.

A complete description of the input requirements and modifica-
tions is included in the User's Manual, Reference 5.

6. The output printout has been modified to include the azimuthal
time history of the resronse of all 52 blade elements.

These are the modifications mzde to the program. It can be run in the same

way as the original Normal Mode Aeroelastic Analysis, and provides the user
with all of its capability excepl as noted above,

88



CORRELATION OF ANALYTICAL AND TEST RESULTS

Calculations of blade flatwise, edgewise, and torsional moments were made
for six sample rotor operating conditions tested under Contract DAAJ02-68-
C-00Th. The conditions selected for analysis encompass (1) operation of
the rotor in the pure helicopter mode, (2) operation at partially and fully.-
reduced diameters, and (3) operation at an extremely high forward speed.

The parameters defining the specific conditions are given in Table I.

Except where noted, the calculations were performed with the following
principal assumptions:

1) Variable inflow effects due to rotor wake and fuselage inter-
ference could be neglected.

2) Unsteady aerodynamic and spanwise flow effects could be neglected.

3) Flatwise, edgewise and torsional modes having frequencies
generally greater than about 10 to 13 times rotor frequency
could be neglected. (The natural frequencies of the uncoupled
modes used in each case are given in Table II.)

4) Measured rotor 1lift and shaft angle of attack were matched in
the analysis. In addition, the rigid-body flapping with respect
to the shaft was set to zero t1°, while in the test the flapping
at the blade root was set to zero +1°.

The TRAC Blade Normal Mode Aerocelastic Analysis can account for variable
inflow due to rotor wekes and for unsteady aerodynamics.

The flatwise moment correlations are presented in Figure 31 through 33.
Figures 31 and 32 present the radial distributions of the % peak-to-peak
flatwise moment amplitudes. For those conditions involving substantial
overlap of the blade and torque tube, moments for both are shown. Also,
for two conditions, analytical results obtained using the TRAC Blade Four-
Element Segmented Analysis discussed in the Introduction are presented for
comparison with the results of the Normal Mode Analysis developed under
this contract. Figure 33 shows corresponding sample correlations of time
histories at several radial stations. The principal results and conclu-
sions indicated in these figures are summarized below:

1. The Normal Mode TRAC Analysis generally underpredicts the moment
amplitudes for the articulated rotor conditions, particularly on
the blade portion of the structure (see Figures 31 and 32).

2. The Normal Mode TRAC Analysis and the TRAC Blade Four-Element
Segmented Analysis give comparable results, although +the latter
appears to predict higher moments for the inboard (or torque
tube) part of the blade (see Figure 31). The two analyses differ
most at the inboard end of the torque tube (¥ = 0.15), where seg-
mented blade analysis appears to reflect more accurately the ef-
fects of large discontinuities in mass and stiffness distribution
introduced by the non-scaled blade root fittings.
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TABLE II. BLADE NATURAL FREQUENCIES

Flatwise Modal Edgewise Modal Torsional Modal
Frequencies Frequencies Frequencies
Case Number {ecycles/rev) {cycles/rev) (cycles/rev)
1 1.05 4.8 7.43 8.70 .32 3.09 11.6
2 1.05 L4.48 T.43 8.70 82 3.09 11.6
3 1.05 L.,48 7.43 8.70 .32 3.09 11.6
L 1.07T 5.36 7.c8 . 30 L.01 ks 52
5 1.64 7.34 9.69 6.98 oo
6 1.07 L.0k 10.20 .lo 8.76 oo
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3. For the single locked hinge condition investigated, the Normal
Mode TRAC Analysis correlated very well with test data (see
Figure 32).

4, Large changes in predicted flatwise moments result when the shaft
angle of the rotor is altered by 5 degrees {(see Figure 31, 1st
panel). Since rotor flapping is nominally trimmed to zero, rotor
shaft angle is a direct measure of tip path plane angle. Some of
the discrepancy between predicted and measured results may there-
fore be due to small differences ir the rotor tip path planes cor-
responding tc the analytical and experimental conditions. Such
differences may exist due to tolerances in trimming the flapping
motion and due to the different trimming techniques used (i.e.,
trimming rigid-body flapping mode in analysis versus trimming the
root flapping of the blade in test). It is estimated that the
analytical and experimental tip path planes could differ by as
much as 1 to 2 degrees. Other factors which could contribute to
the discrepancy observed include the absence of unsteady aerody-
namics, fuselage interference, and hub wake turbulence effects

in the analysis.

5. The time history correlations presented in Figure 33 indicate
generally reasonable agreement. The test data, as might be ex-
pected, tend to exhibit more high-frequency cosntent. However,
particularly good agreement is noted for the locked hinge condi-
tion (Figure 33d). Also, the analysis correctly predicts the
existence of a 4-per-rev resonance at the 350-knot, articulated
rotor condition of Figure 33e.

Edgewise moment results are less extensive. Figure 3L presents typical
computed edgewise moments for some of the test conditions analyzed. No
experimental results are presented, since as ncied in Reference 1 the ex-
perimental results were compromised by the existence of a large 5.25/rev
component due to a shaft imbalance. As a result, the experimental results
were approximately five times larger than predicted values and, of course,
exhibited completely different harmonic character.

Sample torsional moment results are presented in Table III. Only % peak-to-
peak amplitude results are noted, as it is evident that the analysis signif-
icantly underestimates the magnitude of the measured moments. The exact
reason for this is not known. Historically, torsional moments (which are
reflected in control loads) have been difficult to predict. This difficulty
has promoted much research which has shown that variable inflow and blade
unsteady aerodynamic effects can be important factors. Detailed study of
these effects was beyond the scope of this contract.
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TABLE III.

COMPARISON (' "REDICTED AND
MEASURED TORSIONAL MOMENT
AMPLITUDES (}s PEAK-TO-PEAK)

- Measured
Case Jumber r (in.~1b) Predicted
1 0.17 39 8
2 0.17 65 5
3 0.17 L6 10
4 0.21 ] 2
5 0.28 = 3
6 0.28 66 15

38




1+

RESULTS AND CONCLUSIONS

A computer program has been developed which can predict the uncoupled
flatwise, edgewise, and torsional natural frequencies of a telescoping
rotor blade at crny rotor cpeed or amount of blade retraction.

A modified versio: of the Normal Mode Aeroelastic Analysis (Y200) has
been developed which can predict the time history response of a TRAC
rotor using the blade modes predicted by the natural frequency program.

A study of the change in TRAC blade natural frequency with rotor speed
and retraction showed the following:

a) At low rotor speeds, where centrifugal effects are small, the
natural frequencies calculated for the TRAC rotor blade compare
quite well with the results obtained for a conventional rotor
blade.

b) At high rotor speeds, the compressive loading on the outboard sec-
tion of the TRAC blade reduces the natural frequencies of elastic
modes as compared to those of a conventional rotor blade.

c) The TRAC blade natural frequencies increase as the outboard blade
is retracted over the torque tube,

d) The presence of the jackscrew and tension straps as additional
structural components of the TRAC rotor introduces new blade
modes which show predominant motions in these components.

Correlation of the TRAC Normal Mode Aeroelastic Analysis with model
rotor test data showed generally reasonable correlation with measured
flatwise bending moments, although predicted moment amplitudes were
less than those measured. The analysis underpredicted blade torsional
moments, and no conclusion could be drawn regarding edgewise moments
because of extraneous signals in the available edgewise moment test
data; however, the edgewise moments were generally small.

The TRAC Normal Mode Aeroelastic Analysis and the TRAC Four-Element
Segmented Blade Analysis gave comparable flatwise moments for the
fully-extended rotor conditions examined. Both analyses should be
useful as design tools.
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RECOMMENDATIONS

A more detailed correlation study should be conducted to examine the

influence of unsteady aerodvnamics and variable inflow on predicted
blade moments.

Detailed blade shake tests should be conducted to confirm the pre-
dicted unigue modal characteristics of TRAC type rotor blades.
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NONROTATING AND ROTATING ROTOR HUB AXIS SYSTEMS
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Figure &. Cocrdinate Axis Svstems for the Flatwise Equations
cf Motion.
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Figure 11. Free=Body Diagram of a TRAC Blade Segment for the
Development of the Edgewise Equations of Motion.,
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LAGGING STRAP

JACKSCREW K™ SEGMENT
CONTAINING NUT ASSEMBLY

Figure 12. Schematic of Tension Straps Showing the Differen-
tial Tension Present With Inplane Bending of the
Straps.
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